Purpose: This study aimed to determine whether the stiffness of the arterial walls of women with preeclampsia (PE) differs from that of healthy controls and to evaluate its association with fetal and uterine artery Doppler variables and perinatal outcomes in PE.
| INTRODUCTION
Preeclampsia (PE) affects 3% to 8% of pregnant women and remains a major cause of maternal and fetal morbidity and mortality, worldwide. 1 PE is a multisystem disorder specific to pregnancy; it is usually characterized by the development of hypertension and proteinuria after 20 weeks of gestation in a previously healthy woman. 2 The etiology of PE remains unclear. Its mechanism is widely believed to involve the inadequate invasion of the uterine spiral arteries by trophoblasts, which leads to placental ischemia and release of placental factors that provoke generalized endothelial dysfunction in the mother. 3 Endothelial dysfunction is in turn responsible for the signs, symptoms, and complications of PE. 4 Vascular endothelial injury might be the main cause of increased arterial stiffness in pregnant women with PE. Using different testing methods, investigators have found that arterial stiffness in patients with PE was greater than in normal pregnant women. [5] [6] [7] Increased arterial stiffness is independently associated with increased cardiovascular risk. 8 Many studies have documented that women who develop PE are at increased risk of long-term cardiovascular disease. [9] [10] [11] Hemodynamic measurements of blood vessels are increasingly used to assess endothelial function and cardiovascular risk, 12 and measurements of arterial stiffness are increasingly used for clinical assessments. 13 The echo-tracking technique used in this study is an ultrasonic technique developed by the Aloka Co., Ltd. (Hitachi-Aloka, Tokyo, Japan) for detecting and evaluating local arterial stiffness instead of the regional arterial stiffness assessed by traditional methods. Echotracking collects and analyzes radio frequency signals generated by the systolic and diastolic movements of the near and far arterial walls.
The echo-tracking variables that reflect arterial wall characteristics, that is, pulse wave velocity (PWVβ), augmentation index (AI), stiffness parameter (β), arterial compliance (AC), and pressure-strain elastic modulus (Ep), are automatically calculated by the system. Echotracking has been demonstrated to be a valid, reliable, and reproducible method for characterizing the properties of blood vessels. [14] [15] [16] [17] In this study, we used echo-tracking to assess stiffness of the carotid artery.
Doppler velocimetry is a useful method for the evaluation of hemodynamic changes in the fetal and maternal circulations in healthy and high-risk pregnancies. 18, 19 PE is characterized by insufficient invasion by trophoblasts, which results in inadequate remodeling of the spiral arteries and elevation of the Doppler pulsatility index (PI) of the uterine artery, which is considered to be predictive for the later development of PE and fetal growth restriction. Doppler studies of the umbilical artery, fetal middle cerebral artery, and ductus venosus have been widely used to assess fetal wellbeing and predict pregnancy outcomes. 20 In this study, we assessed the effects of PE on both the maternal and the fetal circulation by assessing the uterine artery, umbilical artery, fetal middle cerebral artery (MCA), and ductus venosus (DV).
This study aimed to determine whether the stiffness of the arterial walls of women with PE differs from that of healthy controls and to evaluate the association between carotid arterial stiffness, fetal and maternal Doppler; and perinatal outcomes in PE. other agent for thromboprophylaxis, were excluded from the study.
| MATERIALS AND METHODS

| Study population
All women were fully informed about the study and signed an informed consent that had been authorized by the Hospital Human Subjects Ethics Committee.
| Carotid artery examination
All the study participants underwent ultrasonography by an Aloka α10
Ultrasound System (Hitachi-Aloka, Tokyo, Japan) equipped with an echo-tracking software package (Hitachi-Aloka, Tokyo, Japan). Before 
| Characteristics of the study population and perinatal outcomes
Patient age, gestational age at examination, blood pressure, height, weight, fetal ultrasound biometric measurements, fetal intrauterine growth restriction (IUGR), intrauterine death, gestational age at birth, mode of delivery, birth weight, and neonatal Apgar score at 1 minutes were recorded in both the case group and the control group. The Apgar score comprised five components: color, heart rate, reflexes, muscle tone, and respiration rate and effort. A score of 0, 1, or 2 was assigned to each component. A total score of 7 or more was considered to indicate that the baby was in good to excellent condition. 24 Fetal intrauterine death, neonatal Apgar score < 7, and very low birth weight infants (neonatal weight < 1500 g) were all considered to be indicators of poor perinatal prognosis. 3 | RESULTS
| Statistical analysis
| Characteristics of the study population and perinatal outcomes
Data for the characteristics of the study population and perinatal outcomes are summarized in Table 1 . Apgar at 1 min 9 (8-10) 10 (10-10) <.001
Values are expressed as mean AE SD or as median and interquartile range for normally and non-normally distributed data, respectively. BMI, body mass index; Ps, systolic blood pressure; Pd, diastolic blood pressure; MAP, mean arterial pressure; IUGR, intrauterine growth restriction.
| Stiffness of the maternal carotid arteries
Ep, β, PWVβ, and AI were significantly higher and AC was significantly lower in the women with PE than in the healthy controls (Table 2) .
These findings were similar after adjusting for BMI.
| Doppler parameters
The PI of the uterine artery and of the umbilical artery was significantly higher in the women with PE than in the healthy controls. The findings were similar after adjusting for BMI. The PI of the fetal MCA and CPR was significantly lower in the women with PE than in the healthy controls. The findings were similar after adjusting for BMI.
The PIV of DV was higher in the women with PE than in the healthy controls before adjusting for BMI (P = .018), but this difference was no longer significant after adjusting for BMI (P = .055) ( Table 3) .
| Associations between carotid artery stiffness and Doppler variables
PWVβ showed a positive correlation with the PI of the uterine artery (Table 4 , Figure 1 ). The AI of the maternal carotid artery showed positive correlations with the PI of the uterine artery and of the umbilical artery, and negative correlation with the CPR (Table 4 , Figures 2-4 ). (Table 5) .
| DISCUSSION
Our study showed that the stiffness of the carotid arteries of women with PE was significantly higher than that of healthy controls. Carotid arterial stiffness was positively correlated with the PI of uterine Values are expressed as mean AE SD for normally distributed data. PWVβ, pulse wave velocity; AI, augmentation index; β, stiffness parameter; AC, arterial compliance; Ep, elastic pressure. Values are expressed as mean AE SD for normally distributed data. PI, pulsatility index; PIV, pulsatility index for the vein; CPR, cerebroplacental ratio. 26 This device can noninvasively record aortic PWV and AI, which reflect stiffness of the arterial tree. 27 Other previous studies using the SphygmoCor device also found that patients with PE had higher arterial stiffness values than healthy participants. 5, 28, 29 In addition, previous studies have found that women with a history of PE showed an increased arterial stiffness 30 or impaired vascular dilatation. 31 It is worth noting that, although these studies have obtained results comparable to ours, the technical principles used to measure arterial stiffness and the targeted blood vessels varied. Conventional methods measure the stiffness of regional arteries by recording the amount of time for a pulse-wave to travel a certain distance along the arterial tree. The disadvantage is that the properties along the arterial segment are not exactly identical, and therefore the local properties of the arteries cannot be accurately assessed. The echo-tracking technique assesses "one-point" properties of an artery, which is advantageous in that there is no need to consider the anatomical properties of a blood vessel, such as length and branching conditions. Therefore, on the basis of our results, we speculate that PE can result in remodeling of elastic arteries such as the carotid, leading to reduced vascular wall function and increased stiffness. We also found that the carotid artery AI showed positive correlation with the PI of the umbilical artery and negative correlation with CPR in women with PE, results which, to the best of our knowledge, have not been reported. Histopathological examinations of placentas from patients with PE revealed reduced numbers of small arteries in functional villi and sclerotic narrowing or even disappearance of the FIGURE 1 Correlation of maternal carotid artery PWVβ (calculated pulse wave velocity) with uterine artery pulsatility index (PI) in women with preeclampsia (r = 0.378, P = .040) FIGURE 2 Correlation of maternal carotid artery augmentation index (AI) with uterine artery pulsatility index (PI) in women with preeclampsia (r = 0.471, P = .009) FIGURE 3 Correlation of maternal carotid artery augmentation index (AI) with umbilical artery pulsatility index (PI) in women with preeclampsia (r = 0.692, P < .001) FIGURE 4 Correlation of maternal carotid artery augmentation index (AI) with cerebroplacental ratio (CPR) in women with preeclampsia (r = −0.593, P = .001) PWVβ, pulse wave velocity; AI, augmentation index; β, stiffness parameter; AC, arterial compliance; Ep, elastic pressure; BMI, body mass index; Ps, systolic blood pressure; Pd, diastolic blood pressure; MAP, mean arterial pressure. 26 Yuan et al. also demonstrated that the carotid arterial PWV and AI were significantly correlated with Ps, Pd, and MAP. 6 Therefore, we speculate that elevated blood pressure and increased carotid arterial stiffness in women with PE may involve the same underlying mechanism of disease. In other words, the increase in arterial stiffness in PE might be the major cause of elevated blood pressure. Nevertheless, PWV is blood pressure dependent, and, although the calculation of the carotid artery stiffness variables that be obtained took into account the pulsatile pressure, the nonlinearity of the arterial wall stiffness relationship with blood pressure would need to be considered before the assessment of the carotid arterial stiffness in women with PE could be used for monitoring the disease.
Our research also found that the carotid artery AI showed negative correlation with neonatal body weight and Apgar score. Therefore, our results confirm that PE is a multisystem disease that interacts with a variety of complex factors to cause damage to both the maternal vascular system and the fetus, and the degree of injury is somewhat relevant.
We showed that PI of the uterine artery and of the umbilical artery increased, and PI of the fetal MCA and CPR decreased in PE, even after adjusting for BMI. These findings were not unexpected, because PE is known to involve increased resistance of the uteroplacental circulation and fetal-placental circulation. However, the PIV of the DV was greater in the women with PE before but not after adjusting for BMI. This finding might be accounted for by the small number of patients. If an increased PIV in PE is confirmed by larger studies, it may be because of fetal hypoxia and acidemia leading to increased end-diastolic ventricular pressures and increased DV pulsatility. However, the difference between the BMIs of the study groups could also explain this difference. The pregnant women who were included into our case group were newly admitted to the hospital, and were often in the early stages of PE. Abnormal DV flow is thought to herald the last stage of fetal deterioration. 39 The fetuses in our case group might
have not yet progressed to the last stage of deterioration.
The main limitation of our study is that its cross-sectional design allowed a comparison between groups and correlation analysis but did not provide information on early prediction of the disease. Another limitation is that the echo-tracking technique uses the diameter waveform instead of the actual pressure waveform to evaluate vascular stiffness. In this study, the blood pressure waveform was estimated from the changes in the cross sections of arteries for which the diameter waveform was determined by ultrasonography. Although another study had shown that the relationship between pressure and diameter changes is linear within given limits, 40 the rationale for estimating the FIGURE 6 Correlation of maternal carotid artery augmentation index (AI) with birth weight in women with preeclampsia (r = −0.385, P = .036) FIGURE 7 Correlation of maternal carotid artery augmentation index (AI) with Apgar score in women with preeclampsia (r = −0.461, P = .014) blood pressure waveform from changes in the diameter waveform needs to be further verified in clinical settings.
In conclusion, the carotid arterial stiffness was greater in women with than without PE, and the increased stiffness was positively correlated with an increase in the impedance of the uteroplacental circulation and fetal-placental circulation. Whether or not this correlation is attributed to increased arterial stiffness caused by a placental defect or abnormal placental implantation because of maternal vascular endothelial dysfunction needs to be further studied. Echo-tracking enables the noninvasive evaluation of the carotid arterial stiffness of pregnant women with PE and may help predicting perinatal outcomes.
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